Abstract-The finite element method has been employed in order to simulate the behavior of a HTS cable for transport current applications. The model includes an anisotropic dependence of the critical current density and power index on the local magnetic field, whose magnitude is nonnegligible and determines the effective critical current of the cable. The cable consists of four electrically insulated layers, each of them composed by 20 superconducting tapes, providing a total critical current of about 4 kA. In order to obtain a uniform repartition of the current among the layers, a sufficiently high contact resistance has been inserted in the electric circuit. The ac losses and the field distribution have been computed. A comparison is also made with a simple electric model of a HTS cable.
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I. INTRODUCTION
I N ORDER to compute precisely the current and field distributions inside superconductors, the finite element method (FEM) is widely utilized, especially in the case of mono-and multi-filamentary tapes. It can be used also to study how the transport current and the ac losses are shared by the different layers of a high-(HTS) superconducting cable for different working conditions. HTS cables consist of different layers of superconducting tapes wound helicoidally around a cylindrical former [1] . The layers have different winding direction and twist pitch for more even distribution of the transport current among them. For our investigations we have used a 2D model with a sufficiently high contact resistance in order to obtain a uniform repartition of the current among the layers, which is the optimal situation for minimizing the ac losses in the cable.
II. FINITE ELEMENT METHOD MODELING
The power-law , describing the nonlinear transition from superconducting to normal state, has been implemented in the FEM software package FLUX3D [2] , [3]. Maxwell's equations are solved using the magnetic vector potential and the electric scalar potential as state variables.
It is well known that the critical current density and the power index are not constant material parameters, but depend on the presence of a magnetic field. Due to the textured structure and anisotropy of HTS materials, the reduction of these two parameters in magnetic field is much stronger when its direction is perpendicular to the wide side of HTS tapes in comparison with field of parallel orientation, in which case the decrease is more moderate. Recently, a simple anisotropic and dependence has been proposed [4] . The models of and are based on measurements in applied magnetic field of varying orientation and magnitude up to 350 mT.
These models, which are suitable for HTS tapes with elliptical or rectangular cross-section with aspect ratio of 10-15, are presented as follows:
where is a material characteristic (taken for given in this paper) in the absence of any magnetic field (self or external) experienced by the material, and are the critical current and power index measured without external magnetic field, and are the absolute values of the magnetic field components (in Tesla), respectively parallel and perpendicular to the wide side of the tape, and is a normalizing constant, formally needed to obtain dimensionless exponent.
The implementation of the -dependent models is important in order to obtain a more precise calculation of the ac losses, especially at high transport currents, where the self-field values are significant and cannot be neglected.
In a HTS cable the tapes have a circular arrangement around the former. For such a geometry the local components of the magnetic field need to be computed for each tape taking into account its orientation with respect to the global coordinate system. For this purpose we have implemented an additional subroutine in order to enable the software to calculate the two local components of the field at each FEM node, before computing the critical current density and the power index according to (1) and (2).
We have constructed the geometry of a four-layer HTS cable. Each layer contains 20 tapes and the total effective critical current of the cable is 4000 A, see Section IV. We have utilized the following physical parameters in the simulations: for the superconductor A/m , , for the silver S/m.
In order to reduce the size of the problem and the computation time we have considered only an angular sector of 18 , corresponding to 1/20 of the whole geometry. Conditions of periodicity have been imposed on the boundary of the reduced domain. Throughout this paper we refer to the different layers numbering them from 1 to 4, from the inner to the outer one. The model has been coupled with circuit equations, meaning that the geometrical regions corresponding to the superconductor and to the silver matrix are inserted in an electric circuit which can be fed either with a voltage or current source in order to obtain the desired transport current [5] . The contact resistances have been inserted in the electric circuit as well, as displayed in Fig. 1 .
The ac losses are calculated as the integral of the instantaneous power dissipation over the superconducting cross-section and over a cycle:
where Hz is the frequency of the current source.
III. INFLUENCE OF THE CONTACT RESISTANCE ON THE CURRENT REPARTITION IN A 4-LAYER CABLE
If we consider the four layers as four parallel straight conductors, the current tends to flow in the outer part of the cable as long as possible, just as in a monofilamentary round wire, where the current flows in the periphery first. The outer layers become quickly saturated, which results in excessive ac losses due to the rapid increase of the electric field when the current exceeds the critical value. On the contrary the inner ones are scarcely utilized. For obtaining a more uniform repartition of the current the impedance of the different layers should be as close as possible. In order to do this the layers are wound with different twist directions. It is also possible to increase the value of the contact resistance between the current source and the tapes for the same purpose.
The actual 3D geometry of a HTS cable is rather complex and presently we are developing new tools for constructing and meshing a cable for 3D numerical simulations. For this paper we have simplified the problem using a 2D geometry (i.e., considering only the transverse section of the cable) and using the contact resistance as a free parameter in order to modify the current repartition among the layers. We have found that the values of the resistance yielding a uniform repartition of the current must exceed 100 , which is higher than the values used in cable prototypes; the latter are of the order of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , see for example [6] . In particular, we have analyzed the case A (peak value). Fig. 2 shows one period of the current evolution in each layer and in the whole cable for two different values of the contact resistanceand 100 , respectively. A low value of the contact resistance has no visible effect on the current repartitioning: the current prefers to flow in the outer layer (Layer4 on the legend) as long as possible [ Fig. 2(a) ]. It exceeds also the critical current of the layer (1000 A, see the horizontal lines) until when, according to the power law, the voltage is so high that it becomes energetically favorable to start flowing in the adjacent internal layer (Layer3 on the legend). When also this layer is fully saturated, the current starts flowing in the next adjacent one and so on. In the displayed case only the three external layers are saturated, whereas the inner one remains well below its critical value.
The increase of the contact resistance up to 100 , however, leads to a very uniform repartition of the current among the layers, as can be seen in Fig. 2(b) , and no layer reaches completely its critical current.
IV. TRANSPORT CURRENT AC LOSSES
In order to estimate the ac losses in self-field we have used a contact resistance of 100 , since we have seen in the previous section that it assures a uniform repartition of the current among the different layers.
Using FEM simulations allows precise computation of the local magnetic field experienced by the tapes. Fig. 3 shows the magnetic field distribution in the superconducting part of the cable for a transport current equal to 3800 A (peak value). The magnetic field produced by the transport current is in the order of 20-60 mT and causes current density degradation according to (1) . Even if the direction of the field is almost parallel to the wide side of the tapes, the field magnitude is sufficient to reduce the critical current density by 15-30% in the different layers.
The dependence has an important consequence on the ac losses. Fig. 4 shows the self-field losses in the superconductor as a function of the transport current computed with and without the -dependence of and . Plotted are also the ac losses predicted by the theoretical monoblock model, by which the losses are evaluated as follows [7] : W/m (4) In (4) is the transport current ratio , is a geometrical factor depending on the external and internal diameter of the superconducting region.
Firstly we can see that the results of the FEM simulations are well below the predictions of the monoblock model. This is in agreement with some experimental results found in literature; see for example [8] - [10] . In fact, the monoblock model considers the cable as a monoblock tube with a transport current starting to penetrate from the exterior: as we have discussed in the previous section, in a cable this means nonuniform current distribution between the layers, producing very high ac losses.
Secondly the plot shows an important difference between the models with constant and -dependent . Assuming constant the critical current of the cable is simply times the total superconducting cross-section, which gives 4800 A. Indeed, this value marks a significant change in the slope of the self-field ac loss curve, because above the losses start to sharply increase due to the flux-flow resistance of the superconductor [4] . With the -dependent model, because of the local reduction of the critical current density due to the magnetic self-field, the saturation occurs at lower currents and the effective critical current, determined by the change of slope in the ac losses, is strongly reduced to about 4000 A. At currents below 3000 A the two models agree since the magnetic self-field, which is proportional to the carried current, is not sufficiently high to decrease significantly the local critical current density because it is almost parallel to the tapes.
This shows that the B-dependence of and gives a nonnegligible contribution to the computation of the effective ac critical current, and correspondingly to the AC loss magnitude at high currents.
V. COMPARISON WITH AN ELECTRIC MODEL
In order to validate the FEM results we have used a simple electric model, which considers the HTS cable as a parallel of four electric branches, similarly to the circuit in Fig. 1 , each consisting of a non linear resistance (due to the -characteristic of superconductors) and of an inductance (which takes into account the position and the coupling among the layers). In this model Kirchhoff's voltage equations of the four layers can be written in the following matrix form:
The term in (5) contains both the nonlinear resistance of the superconductor and the contact resistance. The self and mutual inductances are computed by means of a spatial integration of the magnetic energy, which depends on the internal diameter of each layer and their mutual distance [6] . Fig. 5 shows the current inside each layer as a function of time for a contact resistance equal to 0.1 at A for the two models, which yield very similar results. In both cases the current distribution among the layers is nonuniform; compare with Fig. 2 as well. Fig. 6 displays the ac losses in the whole cable, computed with the two models as a function of the contact resistance. The two models are in good agreement: they give the same "critical" value of the contact resistance (between 10 and 100 ) above which the losses in the superconductor suddenly decrease due to the more uniform repartition of the current among the layers. The numerical difference is probably due to simplifications in the computation of the self and mutual inductance of each layer in the electric model. For example, in the spatial integration of the magnetic energy, the layers have been considered infinitely thin, which is not the real case. Moreover, the electric model does not take into account the current distribution inside the superconductor, where the current density may exceed locally the critical value resulting in enhanced ac losses.
VI. CONCLUSIONS
The nonlinear power law characteristic for type-II superconductors has been implemented into a 2D formulation for finite element method simulations of a 4-layer HTS cable. The model includes the dependence of and on the magnetic field. Due to the circular arrangement of the tapes in a HTS cable, the local parallel and perpendicular components of the field, which depend on the angular position of each tape, have been calculated in order to compute correctly the reduction of and . Such calculations can be implemented only by means of numerical methods, such as the FEM technique.
The ac losses have been computed as a function of the transport current, comparing the models with constant and -dependent and . Both models yield lower losses than the theoretical predictions of the monoblock model, similar to reported experimental results. The -dependence of leads to a significant increase of the ac losses for currents higher than 3500 A. Moreover it leads to a reduction of the effective critical current, approximately by 25% from the product of and the superconducting cross-section. This reduction will be even more important if tapes with higher are used. This means that in order to obtain in numerical simulations a certain critical current , given for example from measurements without external magnetic field, the parameter in (1) is not simply obtained dividing by the superconducting cross-section, but must be greater in order to take into account the reduction of by the self field.
A contact resistance with different values has been inserted in the electric circuit in order to evaluate its influence on the repartition of the transport current among the different layers of the cable. For low values of the resistance (below 1 ), the current tends to flow in the outer part of the cable, causing a rapid and complete saturation of the external layers, which results in large ac losses. Higher values of the resistance (above 100 ) lead to a uniform repartition of the current among the layers and to a decrease of the ac losses in the superconductor by almost a factor of 10. The influence of the contact resistance on the current distribution and ac losses has been confirmed also by means of a simple electric model, which considers the cable from a macroscopic point of view. The optimal value of to be used in a real configuration, however, needs to be confirmed by ac loss measurements of a piece of HTS cable.
Finally, since the simple electric model can also take into account the different twist directions of the individual layers, it can be used to find optimal configurations, which give low ac losses without the need of too high values of the contact resistance that generates additional Ohmic dissipation in the current leads. It could be also a tool for validation of the ongoing development of 3D FEM codes for simulation of HTS cables.
